A reinvestigation of mono-and bis-ethynyl phosphonium salts: structural, computational studies and new reactivity have been reported as they may be of interest to others in this field. Sterically encumbered phosphines such as Mes 3 P did not react with Ph-C≡C-Br, however (2,4,6-MeO-C 6 H 2 ) 3 P was found to slowly react at moderate temperature to give the expected alkynyl phosphonium salt.
have been reported as they may be of interest to others in this field. Sterically encumbered phosphines such as Mes 3 P did not react with Ph-C≡C-Br, however (2,4,6-MeO-C 6 H 2 ) 3 P was found to slowly react at moderate temperature to give the expected alkynyl phosphonium salt.
However at higher temperatures, the alkynyl phosphonium undergoes an intramolecular cyclization to form a phosphonium analogue of a 1,4-oxazine. Finally, electronic structure calculations reveal the positive charge on the acetylenic β-carbon; a result of a significant D r a f t
Since their initial discovery 1 , ethynylphosphonium salts continue to be popular and extremely valuable building blocks in organic synthesis. These compounds have classically been used as electrophiles allowing for the isolation of numerous vinylphosphonium containing adducts [2] [3] [4] [5] [6] [7] [8] [9] , but have also been used as intermediates in the synthesis of functionalised coumarins 10 , and as monomer units in the formation of ionic porous organic polymers. 11 More recent interests lie in the potential for (phenylethynyl)phosphonium salts to be used as therapeutic agents for cancer treatment. [12] [13] [14] Ethynyl-phosphonium salts of the type [R 3 PC≡CR"]X (R/R" = alkyl and/or aryl) are uncommon in the literature and are most commonly synthesized via quaternization of tertiary phosphines with alkynyl halides. 2, 3, [15] [16] [17] [18] Other routes are known 19, 20 , but have not seen extensive use. Modification of ethynylphosphonium salts typically takes place at the acetylene R" position 19, 21 , while structural diversity within the ligands bound to phosphorus remains to be an underdeveloped area.
After examining the literature, it was found that despite their widespread use there is relatively little structural data available for the simplest of ethynylphosphonium salts (Scheme 1), and early spectroscopic data was determined to be incomplete (1) 3 , or scattered throughout the literature (2). 3, 18, 22 To date, only two phenyl(ethynylphosphonium) salts have been structurally characterised using X-ray crystallography (3 17 and 4 D r a f t allosteric pockets via its phenylacetylene fragment. 12 These proteins are important for mediating a wide variety of cellular functions, particularly during periods of increased cellular stress, and are essential for the survival of tumour cells. Recent studies have demonstrated that the inhibition of these proteins with compound 2 is a promising strategy for the treatment of cancers that heavily rely on heat shock proteins such as multiple myeloma. [12] [13] [14] Evidence that the phenylacetylene fragment of 2 interacts significantly with DnaK was provided by protein crystallography with a resolution limit 3.45 Å. 12 Although suitable for protein crystallography, at this resolution limit it becomes impossible to elucidate any fine structural details of the inhibitor that could allow for the fine-tuning of structural features. Some closely related compounds involving the acetylenic fragment either σ-or π-bound to a metal [23] [24] [25] , or cationic phosphorus heterocycles are known [26] [27] [28] , but these examples are too specific to provide representative structural details that may be relevant for further studies on protein binding.
The closely related bis(ethynylphosphonium) salts are much less common in the literature; D r a f t also undesirable because it requires multiple steps to complete and produces multiple equivalents of toxic (n-Bu) 3 SnCN as waste.
Considering recent developments in the medicinal properties of these compounds and their relevance in organic synthesis, we found it prudent to reinvestigate several of these mono(ethynylphosphonium) salts to determine their structural features and to consolidate the characterization data in the literature. Additionally, a simplified, greener approach to the synthesis for bis(ethynylphosphonium) salts is reported to expand the applications of these compounds that are potentially useful for organic synthesis.
Experimental

General Synthetic Procedures
All reactions were performed in dry, O 2 -free conditions under an atmosphere of N 2 within an mBraun Labmaster SP inert atmosphere drybox or PTFE-sealed reaction vessels using standard Schlenk techniques. Ph-C≡C-Br and Br-C≡C-C 6 H 4 -C≡C-Br were prepared following literature procedures. 29 All reagents were purchased from Sigma-Aldrich and used as received, unless otherwise noted. Alumina and molecular sieves were pre-dried in a 150°C oven before bring dried at 300°C in vacuo. Solvents were purified using an Innovative Technology solvent purification system or purchased as 'anhydrous' from Sigma-Aldrich. Solvents were then dried using KH and subsequently filtered through dry alumina and stored over previously dried 4Å 
Synthesis of Phenylethynyl Tri(butyl)phosphonium Bromide 1
In a 20-mL scintillation vial, 2.00 g (11.0 mmol) of pale yellow coloured bromophenylacetylene liquid were dissolved in 10 mL of pentane producing a pale yellow coloured solution. To this solution, 2.24 g (2.76 mL, 11.1 mmol, 1.01 eq.) of colourless tributylphosphine liquid were added dropwise, immediately producing a beige coloured precipitate. Further addition of tributylphosphine produced a dark brown coloured viscous oil.
This mixture was left to stir overnight. The following day the stirring was stopped and the pentane was decanted off, and contents of the flask were washed with a small amount of THF and dried in vacuo, producing a dark brown coloured oil which crystallized upon standing overnight. These crystals were not of suitable quality for X-ray diffraction, and so the brown mixture of oil/crystals was triturated multiple times with ca. Following the same procedure as for synthesis of 5 using instead toluene as the solvent, the reaction was repeated at 105 °C using 0.300 g (1.66 mmol, 1 eq.) of 1-bromo-2-phenylacetylene and 0.853 g (1.60 mmol, 0.96 eq.) of tris(2,4,6-trimethoxyphenyl)phosphine. The pale yellow coloured reaction mixture was left to sit at 105 °C for three days without stirring. After this time, a red coloured reaction mixture was present with red coloured crystals on the side of the flask. These were analysed by X-ray diffraction and were revealed to be cyclised by-products.
The red coloured supernatant was decanted off, and the red coloured crystals were washed with 3 x 15 mL portions of pentane and dissolved in 20 mL of acetonitrile. The red coloured acetonitrile mixture was filtered through Celite, and the solvent was removed in vacuo to produce a brown coloured semi-solid that was triturated with 10 mL of pentane to produce a brown coloured powder containing a mixture of 3, 4a and 4b.
Yield: 0.76 g (in a 2.7:2.5:1 ratio from the 31 P NMR spectrum for 5:6a:6b) 31 P{ 1 H} NMR (CD 3 CN): δ 6a -21.9 (s); 6b 0.0 ppm (s). These peaks were assigned based on the similar ratio of 6a:6b in the single crystal X-ray structure.
Synthesis of Phenylethynyl(diphenyl(isopropyl)phosphonium) Bromide 7
In a 100-mL sealed reaction vessel, 0.593 g (2.60 mmol) of colourless diphenyl(isopropyl)phosphine were suspended in 25 mL of heptane. To this suspension, 0.437 g D r a f t 
Synthesis of 1,4-Bis((tributylphosphonium)ethynyl)benzene dibromide 9
In a 20-mL scintillation vial, 0.352 g (1.24 mmol) of pale yellow coloured 1,4-di(bromoethynyl)benzene powder were dissolved in 10 mL of dichloromethane producing a pale yellow coloured solution. To this solution, 0.651 g (2.48 mmol, 2.00 eq.) of colourless triphenylphosphine granules were added, producing a pale yellow coloured mixture. After ca.
10 minutes, the mixture changes to a blue coloured solution. The reaction was analyzed by 31 P NMR spectroscopy when the sample is blue and it shows only starting material and product present in solution. This mixture was left to stir overnight. The following day an orange coloured solution remained. To this orange coloured solution, 10 mL of pentane were added to facilitate the precipitation of the product. After stirring for ca. 10 minutes, the solvent was decanted and the solid was dried in vacuo to afford the product as a yellow coloured powder which was recrystallized from dichloromethane (3 mL) layered with pentane (15 mL) to produce pale yellow coloured crystals. 
X-ray Crystallography
Crystals of compounds 1,2 and 5-9 were mounted from Paratone-N oil on an appropriately sized MiTeGen MicroMount. The data were collected on a Bruker APEX II chargecoupled-device (CCD) diffractometer, with an Oxford 700 Cryocool sample cooling device and all samples were cooled to 125 K. The instrument was equipped with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å; 30 mA, 50 mV), with MonoCap X-ray source optics. For data collection, four ω-scan frame series were collected with 0.5° wide scans, 5 to 60 second frames depending on the sample and 366 frames per series at varying φ angles (φ = 0°, 90°, 180°, 270°). Data collection, unit cell refinement, data processing and multi-scan absorption correction were applied using the Bruker APEX II or APEXIII software packages. The structures were solved using SHELXT 30 and all non-hydrogen atoms were refined anisotropically using a combination of shelXle 31 and OLEX2 32 graphical user interfaces and SHELXL. 33 Unless otherwise noted, all hydrogen atom positions were idealized and rode on the atom to which they were attached. The final refinement included anisotropic temperature factors on all non-hydrogen atoms. Details of crystal data, data collection, and structure refinement are listed in Table 1 . All D r a f t figures were made using ORTEP-3 for Windows. 34 During the refinement of 5, one molecule was present along a three-fold axis. This caused disorder in the phenyl ring. This was modelled by fixing the site occupancies of C36, C37, and C38 to 0.3333, and 0.5000 for C39 and C40. The atoms P2, Br1, and Br3 were also part of this disorder and their occupancies were fixed at 0.3333, 0.1667, and 0.1667, respectively. Toluene had co-crystallized with 3 and also exhibited disorder along a three-fold axis. C51, C52, and C53 were part of this disorder and were modelled using the PART-1 command. The site occupancy for C53 was fixed to 0.3333. The thermal ellipsoids of C10, O1, and C15 were restrained to be approximately isotropic using the ISOR command. During the refinement of 6a+b, substitutional disorder was encountered in the atoms attached to C1 (either H1 or C35). This was modelled using the PART command and the site occupancies were found to give the best refinement with a 0.75 occupancy for H1 and a 0.25 occupancy for the C35 methyl group. Disorder was also modelled for some of the methoxy substituents using the PART command, with site occupancies freely refined with a 0.923 occupancy for C16a and 0.076 occupancy for C16b, and a 0.886 occupancy for C25a and 0.114 occupancy for C25b. The anisotropic displacement paramters of C16a, C16b, C1, and C35 were constrained using the EADP command. During the refinement of 8, it was noted that the butyl groups C1-C4, C5-C8 and C9-C12 exhibited two component disorder and the different components of the disorder were separated using the PART command. Site occupancies were allowed to freely refine to give a 0.800 occupancy for C1a-C4a and 0.200 occupancy for C1b-C4b, a 0.601 occupancy for C5a-C8a and a 0.399 occupancy for C5b-C8b, and a 0.157 occupancy for C9a-C12a and a 0.843 occupancy for C9b-C12b. Rigid bond restraints were applied using the RIGU command. The thermal ellipsoid of C7B was restrained to be approximately isotropic D r a f t using the ISOR command. For the butyl groups, P-C bond lengths, 1,2-distances, and 1,3-distances were restrained appropriately using the DFIX command. During the refinement of 9, 
Results and discussion
Mono(ethynyl)phosphonium salts
Reaction between bromophenylacetylene and tri(butyl)phosphine) or triphenylphosphine in pentane yielded the previously known phenylethynylphosphonium bromides 1 and 2 in high to moderate yields (84% and 56%, respectively). Pentane was chosen as the reaction medium to facilitate direct precipitation of the product. This worked well for 2, however 1 produced an oil that required multiple triturations with pentane before yielding a fine brown coloured powder.
To the best of our knowledge, 1 has only been characterized by 1 H NMR spectroscopy with vague peak assignments, IR spectroscopy with only the acetylenic vibration reported, melting point, and by elemental analysis. 3 It has not been previously characterised by 13 , and cyclic voltammetry studies have been done as well.
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These data will be combined and compared to our own but will not be discussed in detail.
Discussion will be limited only to the new structural information obtained through single crystal X-ray diffraction. 31 P and 13 C NMR chemical shifts and coupling constants, IR C≡C stretches, and P-C≡C bond angles for compound 1, 2, 5-9 have been compiled in Table 1 .
The 1 H NMR spectrum of 1 was collected in CD 2 Cl 2 displayed no unusual characteristics and was similar to previous reports in CDCl 3 .
D r a f t blocks, and features only one molecule in the asymmetric unit ( Figure 1 ). The structure of 1 is consistent with the observed spectroscopic data and features a tetra-coordinated phosphorus cation with a bromide counter anion nested between three butyl groups. The P1-C1 and C1-C2 bond lengths were found to be 1.739(2) Å and 1.197(3) Å respectively and are similar to the measurements found in 3 (1.739(3) Å and 1.202(4) Å respectively) 17 , and 4 (1.719(2) Å and 1.190(2) Å). 6 Crystals of 2 were obtained by layering a concentrated dichloromethane solution with pentane.
Compound 2 crystallizes in the orthorhombic space group Pbca as colourless rectangular blocks, and features only one molecule in the asymmetric unit ( Figure 2 ). The structure of 2 is also consistent with spectroscopic data and is structurally similar to 1. The P1-C1 and C1-C2 bond lengths were found to be 1.727(2) Å and 1.200(3) Å. As previously mentioned, recent evidence suggests that the phenylacetylene fragment of 2 is responsible for anticancer activity, 12-14 so the overall length of the phenylacetylene fragment determined by the distance between P1-C6 was measured and found to be 7.106(2) Å. When the same measurement is done for 1 it is found that the distance between P1-C6 is 7.045(3) Å, indicating that modification of the groups attached to phosphorus causes a change in the overall P-C≡C-Ph length.
Several attempts were made at expanding the library of known derivatives of 2 with varied aryl substituents, however these were unsuccessful. Reactions involving sterically hindered or electron deficient phosphines (PMes 3 , (Mes = 2,4,6-trimethylphenyl), P(o-Tol) 3 (oTol = 2-methyl-phenyl), and P(C 6 F 5 ) 3 ) were attempted at 60 °C in either toluene or heptane, and D r a f t with or without silver triflate added to abstract the bromide, but were unsuccessful in producing the desired ethynylphosphonium salts; reactivity was observed but the products could not be unambiguously identified. The electron-rich tris(2,4,6-trimethoxyphenyl)phosphine (TMPP) also did not react at room temperature in toluene, however reactivity was observed at elevated temperatures. When TMPP was combined with 1-bromo-2-phenylacetyelene in heptane and heated to 80 °C for 3 days, the ethynylphosphonium salt 5 was obtained in only 8% isolated yield (Scheme 3). It was speculated that poor solubility was the reason for such a slow conversion, so in an attempt to accelerate the reaction toluene was chosen as the reaction medium for its higher boiling point and solvent polarity. When the same reaction was performed in toluene at 105 °C for 3 days, the initial formation of the ethynylphosphonium salt 5 occurred and partially D r a f t underwent an intramolecular cyclization to form two additional products. The phosphoniapyrans 6a and 6b were first identified crystallographically and co-crystallized in a 3:1 ratio, and were later identified with similar ratios (2.5:1) using 31 Compound 7 crystallizes in the orthorhombic space group Pbca as long colourless needles and contains three molecules in the asymmetric unit in an alternating head-to-tail arrangement ( Figure 5 ). Since all three entities in the asymmetric unit are similar, discussion will be limited to one. The P-C(sp) bond length of 1.733(3) Å is between the corresponding distances in 1 and 2.
The P-C≡C fragment in all three molecules vary from ca. 167° to 175°, implying that this angle in alkynylphosphonium salts is highly dependent on crystal packing and less dependent on the electronic structure of the molecule. Electronic structure calculations confirm this vida infra.
For reasons previously stated, current synthetic routes for bis (ethynylphosphonium) salts are undesirable as they are somewhat convoluted. An alternative, atom-economical approach was found by reacting the tertiary phosphines P(n-Bu) 3 and PPh 3 with 1,4-(dibromoethynyl)benzene in either acetonitrile or dichloromethane, giving the new bis(ethynylphosphonium) salts 1,4-[(R 3 PC 2 ) 2 C 6 H 4 ]Br 2 (R = n-Bu, 8; Ph, 9) in 16% and 97% isolated yields respectively. Both 8 and 9 were fully characterised using multinuclear NMR spectroscopy, IR spectroscopy, X-ray crystallography, cyclic voltammetry, melting point determination, and elemental analysis. These molecules displayed similar spectroscopic properties and structural parameters as their analogous monophenylethynyl derivatives 1 and 2.
All attempts at the synthesis of 8 using dichloromethane as a solvent produced a complex mixture of phosphorus-containing products that could not be identified on the basis of Considerably more disorder was encountered in the n-butyl groups of 8 relative to 1. The P1-C13 and C13-C14 bond lengths were found to be 1.735(6) Å and 1.208(6) Å respectively, and are similar to the related monoethynyl species 1 and 2, and those of the literature. 6, 17 No structurally characterised bis(ethynyl-phosphonium) salts were available for comparison in the literature, however these parameters were found to be similar to 9 (vide infra).
The synthesis of 9 was much more straightforward and allowed for the use of dichloromethane as the solvent followed by the addition of pentane to facilitate precipitation of the bisphosphonium salt. Spectroscopically 9 is similar to 8 with a strong diagnostic acetylenic vibration in the IR spectrum (ν: 2177 cm -1 ). 
D r a f t
We also noted a significant deviation of the P-C≡C angle in the solid state structures of the ethynyl phosphonium salts; these angles range from 163.1(2)° for 1 to 175.9(3)° for 7 and even in the solid state structure for compound 7, the three independent molecules in the asymmetric unit have P-C≡C angles that range from 167. 
Conclusions
The ethynylphosphonium salts 1 and 2 were reinvestigated and the newly reported structural information indicated that exchanging alkyl and aryl groups bound to phosphorus leads to significant structural differences in the phenylacetylene fragment. Several attempts at diversifying the steric or electronic properties of the phosphorus were also made, but were mostly unsuccessful in producing the desired ethynylphosphonium salts. When the electronrich, sterically hindered tris(2,4,6-trimethoxyphenyl)phosphine was used reactivity was only A new, more sustainable, synthetic route to the related bis(ethynylphosphonium) salts has also been discovered and the newly synthesized derivatives 8 and 9 have been reported.
These compounds exhibit similar spectroscopic and structural properties to their related monosubstituted derivatives, and are the first bis(ethynylphosphonium) salts to be structurally characterised using X-ray crystallography. 
